Generation of the imidazoquinoxaline-type heterocyclic amines in the heated model system composed of glucose/ gjycine/creatinine in aqueous diethylene glycol was effectively prevented by phenolic antioxidants, butylated hydroxyanisole (BHA), propyl gallate (PG), sesamol, esculetin and epigallocatechin gallate (EGCG) in a dose-dependent manner. Generation of the mutagens in heated-and-dried bonito meat was effectively prevented on pretreatment with EGCG or green tea extract Electron spin resonance (ESR) studies showed that the heated model mixture of glucose/ glycine generated the unstable pyrazine cation radical, and its formation was inhibited by BHA, sesamol and EGCG.
Introduction
Mutagenic and carcinogenic heterocyclic amines are produced in cooked or processed meats and fish. Since the first finding by Sugimura et al., about 20 heterocyclic amines including imidazoquinolines, imidazoquinoxalines and imidazopyridines have been identified and quantified in cooked and processed meat and fish products (1-5). Most heterocyclic amines have been reported to be carcinogenic in rodents (4) and they are now considered to be probable human carcinogens (5) .
Several efforts have been devoted to preventing the formation of the heterocyclic amines. Earlier studies by Weisburger and his co-workers showed that chlorogenic acid, butylated hydroxyanisole (BHA*) (6) and ethylenediaminetetra acetic acid (7) prevented the mutagen formation in beef, and that the iron ion (7) enhanced the formation. They suggested, at that time, the contribution of lipid peroxidation in the mutagen formation in beef. Thereafter, the formation of the mutagenic imidazoquinoline-and imidazoquinoxaline-type heterocyclic amines in most cooked or processed meats has been elucidated to be due to the Maillard reaction of sugars/amino acids/ creatin(in)e (8) (9) (10) (11) (12) (13) . It has been assumed that the initial stage is the formation of dihydropyrazines (or pyridines) and aldehydes by the Maillard reaction of sugars/amino acids, and the final stage is the condensation of these components with creatinine (13) . Several studies to minimize the mutagen formation in this Maillard-type reaction have been done. Jones and Weisburger have demonstrated that addition of tryptophan (14) , indole derivatives (15) and proline (16) to the model system or to beef reduces the mutagen formation probably by masking the reactive aldehydes. Skog and Jagerstad have shown that an excessive amount of sugars in the model systems (17, 18) and in beef (19) reduces the mutagen formation by masking creatin(in)e. A high content of water in beef extract (20) , in fish and in the model system (21) prevents the mutagen formation. Fats are also effective to prevent the mutagen formation (22) .
Alternative hypothesis for the mechanisms of the mutagen formation in the model systems involving the free radical Maillard intermediates, pyrazine (or pyridine) cation radicals, has appeared (23, 24) . Weisburger described in his recent publication (12) that the inhibition of beef mutagen formation by BHA observed earlier (6) may be due to the antioxidant interfering with the Maillard products. There are, however, few lines of evidence which support the free radical mechanisms of the mutagen formation. In the present investigation, we examined, by using the heated model system and bonito meat in which imidazoquinoxaline-type heterocyclic amines were generated, whether phenolic antioxidants prevented the mutagen formation, and whether the mutagen formation and its inhibition was through the radical mechanisms.
Various imidazoquinoxaline-type heterocyclic amine mutagens, 2-amino-3,8-dimethylimidazo [4,5- (25) (Figure 1) , are produced by heating a mixture of glucose/glycine/creatinine in diethylene glycol-water. MelQx and 4,8-DiMeIQx are generated in smoked-and-dried bonito (Katsuobushi in Japanese), a popular seasoning in Japan (26) , and these mutagens originate from bonito meat during heating-and-drying, but not during smoking (27) . These heterocyclic amines are mutagenic to Salmonella typhimurium TA98 strain with metabolic activation. Effects of various phenolic antioxidants such as BHA, propyl gallate (PG), sesamol, esculetin and epigallocatechin gallate (EGCG) ( Figure 2) found in processed sesame oil. Esculetin is an aglycone of esculin found in leaves of horse chestnut tree. EGCG is a major polyphenolic in green tea. It was found that antioxidants effectively inhibited the mutagen formation and they scavenged the free radical Maillard intermediates to prevent the mutagen formation.
Materials and methods

Materials
Glucose, glycine, creatinine and BHA (all guaranteed grade) were obtained from Wako Pure Chemical Industries (Osaka, Japan). Propyl gallate (PG) was a product of Tokyo Kasei Chemical Industry (Tokyo, Japan). Sesamol was obtained from Aldrich Chemical Company (Milwaukee, WI, USA) and used after recrystallization from chloroform/petroleum ether. Esculetin was obtained from Extrasynthese (Genay, France). Epigallocatechin gallate (EGCG) (purity more than 80%) was a product of Oriental Menthol Industry (Okayama, Japan). 
Heating-and-drying of bonito meat m the presence of the antioxidant
The way to process bonito meat described below was similar to that in the preparation of commercially available smoked-and-dried bonito meat product (Katsuobushi in Japanese), a popular seasoning in Japan. Two pieces of 20 g raw bonito meat were immersed in 500 ml of water, 0.5 % EGCG solution or green tea extract. The green tea extract had been prepared by boiling a mixture of 50 g heated-and-dned green tea leaves in 1000 ml water for 5 min, and by successive filtration through a filter paper. Each of the immersed bonito meat mixtures was boiled for 40 min. Each boiled piece of bonito meat was then hung in a stainless steel round box (diameter 140 mm, height 140 mm) with small holes on the upper side. The box was heated at the indicated temperature with the aid of an electric heating plate in direct contact with the box for the indicated periods.
Mutagenicity test
Mutageniciry was assayed according to the pre-incubation method of Yahagi et al. (28) using Salmonella typhimurium TA98 strain (29) In the mutagenicity test of the solid model sample composed of glucose/ glycine/creatinine and each of phenolic antioxidants, 0.56 g of the heated powder was dissolved into 20 ml of water. In the mutagenicity test of the model system composed of glucose/glycine/creatinine and each of phenolic antioxidants in diethylene glycol-water, the solution was directly introduced into the assay system after it was diluted 10-fold into DMSO. Otherwise, the mutagenicity was tested after concentration of the mutagens by use of the blue rayon method (30) . An aliquot of 5.0 ml of the reaction mixture was diluted into 100 ml of water, and to the solution 0.1 g of blue rayon (Funakoshi, Tokyo, Japan) was added. The mixture was vigorously shaken for 1 h and blue rayon was recovered. Another fresh blue rayon was added to the solution and the mixture was similarly treated. Recovered blue rayon was combined and extracted twice with 100 ml of methanol-concentrated ammonium hydroxide (1000:1, v/v). The extract was evaporated to dryness at 50-60°C and the residue was dissolved into 2.0 ml of DMSO for the mutagenicity testing. In control experiments, no significant amount of BHA and EGCG adsorbed to blue rayon.
In the mutagenicity test of heated-and-dried bonito meat, mutagens in the meat were concentrated by the blue rayon method. Thus, a 5-g piece of the heated-and-dried bonito meat was crushed into a powder, which was extracted in a 300-ml boiling water for 5 min. The mutagens in the extract were purified by adsorpUon to blue rayon (0.1 gX2) and elution by the methanolic ammonium hydroxide. The methanolic solution was evaporated to dryness to be dissolved into 1.0 ml of DMSO for the mutagenicity test.
Chemical analysis of MelQx generated in the model system
A 50-ml aliquot of the heated model system was diluted with 500 ml of 0.1 N HC1 and extracted with 500 ml of chloroform. The aqueous layer was alkalized with 10 ml of 10 N NaOH and extracted with 500 ml of chloroform four times. The organic layers were combined and evaporated to dryness. The residue was dissolved into 1 1 of water, and the mutagens were adsorbed to blue rayon (1 gX2) and eluted with the methanolic ammonium hydroxide. The extract was evaporated to dryness and redissolved into 0.2 ml of water. An 80-nl aliquot was applied to high performance liquid chromatography (HPLC) using a Hitachi L6000 high performance liquid chromatograph (Tokyo, Japan) equipped with a column (4.6X250 mm) of Inertsil ODS-2 (GL Science Company, Tokyo, Japan), and the column was eluted at a flow rate of 1.0 ml/min in a 40-min linear gradient from 0% acetonitrile to 20% acetonitrile in 25 mM phosphate buffer (pH 7.0). Ultraviolet-absorbing peaks were detected at 260 nm using a Hitachi L4200 UV-VIS detector (Tokyo, Japan). Because authentic MelQx was eluted at a retention time of 42 min, the ultraviolet-absorbing peak at retention times between 37 and 47 min was collected and evaporated. The residue was dissolved into 30 u.1 of water, and a 15-jil aliquot was applied to HPLC under the same conditions except that pH of the buffer was changed into 3.5. Single ultraviolet-absorbing peak appeared at a retention time of 32 min. which was identical with that of authentic MelQx. The amount of MelQx in the test sample was determined by comparing the peak area with that obtained from the standard solution of 50 nM MelQx.
Electron spin resonance (ESR) studies ESR spectrum was obtained using an X-band JES-RE1X spectrometer (JEOL, Tokyo, Japan) with a Mn 2+ marker at room temperature using a flat quartz cell both in the direct spectrometry and in a spin trapping technique. The instrumental conditions were: field setting at 335.5 mT; scan range of 10 mT; modulation frequency of 100 kHz; microwave power of 10 mW; and modulation amplitude of 0.1 mT.
Results
Prevention of the formation of the imidazoquinoxaline-type mutagens in the heated mixture of glucose/glycine/creatinine by phenolic antioxidants
A solid mixture of glucose (1 mmol)/glycine (2 mmol)/ creatinine (2 mmol) in the absence and the presence of BHA (1 mmol) or EGCG (1 mmol) was heated at 200°C for 30 min, and the resulting powder was subjected to the mutagenicity test on S. typhimurium TA98 strain with metabolic activation. It was found that BHA and EGCG effectively reduced the number of the His + revertant colonies/g equivalent of the powder obtained in the absence of the antioxidants (7500-8900/g powder) to 30 and 50%, respectively.
A solution of glucose (0.2 M)/glycine (0.4 M)/creatinine (0.4 M) in diethylene glycol-water (8:2, v/v) was heated at 120°C for 2 h in the absence and presence of each of the phenolic antioxidants at the concentrations between 1-100 mM. After heating, the mutagenicity of the reaction mixtures was tested on S. typhimurium TA98 strain with metabolic activation. It is likely that all the phenolic antioxidants inhibited the generation of the mutagenicity in a dose-dependent manner (Figure 3) . Most phenolics at the concentration of 100 mM appeared to reduce the generation of mutagenicity to lower than 50% of the original mutagenicity. Among the phenolics, BHA and EGCG seemed most inhibitory and they reduced the mutagenicity to 20-40 % at the concentration of 100 mM.
It is, however, unclear under the above experimental conditions whether the antioxidants reduced the mutagen formation or they interfered the mutagenicity assay system. Therefore, the mutagens formed in the model system were concentrated by use of blue rayon, that can adsorb specifically heterocyclic amines with fused three-ring structure (30) , before the mutagenicity test. In the present control experiments, no significant amount of BHA and EGCG was recovered by the blue rayon absorption method. The mutagens generated in the mixtures of glucose (0. diethylene glycol-water at 120°C for 2 h in the absence and presence of BHA or EGCG were concentrated using the blue rayon adsorption method before the assay. It was found that these antioxidants effectively prevented the mutagen formation ( Figure 4) . Thus, BHA at 20 and 100 mM reduced the mutagenicity to about 60 and 20%, respectively, and EGCG at 20 and 100 mM reduced the mutagenicity to about 40 and 2%, respectively Hence, it was demonstrated that the formation of the imidazoquinoxaline-type heterocyclic amine mutagens in the model system was inhibited by the phenolic antioxidants.
Prevention of the formation of the imidazoquinoxaline-type mutagens in the heated-and-dried bonito meat
The preventive effect of EGCG and green tea extract that contains a large amount of EGCG on the mutagen formation in bonito meat during heating-and-drying was examined. Thus, pieces of raw bonito meat were boiled in 0.5% EGCG solution or 5% green tea extract for 40 min so that the antioxidant permeated into the meat. The boiled pieces of bonito meat were then heated-and-dried at above 100°C for 24 or 48 h, where most of the water was removed from the meat and about 70% of the weight was lost (21) . The mutagenicity of the heated-and-dried bonito meat was tested on S. typhimurium TA98 strain with metabolic activation after blue rayon extraction. The number of His + revertant colonies was dramatically reduced on pretreatment with EGCG or green tea extract (Table I) . Thus, the percentage mutagenicity of the heatedand-dried bonito meat pretreated with EGCG and green tea extract was less than 50 and 30%, respectively.
Electron spin resonance studies of the heated model systems
When ESR spectra of the mutagen-generating model system, a mixture of glucose (0.2 M)/glycine (0.4 M)/creatinine (0.4 M) in diethylene glycol-water (8:2, v/v), were monitored during heating at 120°C for 2 h, a broad signal without hyperfine structures appeared after 20-120 min heating (data not shown). Two 20-g pieces of bonito meat were pretreated by boiling in 500 ml of water, 0.5% EGCG solution or 5% green tea extract for 40 min, and they were heated-and-dried at temperature a (100-110°C) or b (110-120°C) for 24 or 48 h. After concentration of the mutagens using blue rayon, the mutagenicity was tested on S. typhimurium TA98 with metabolic activation.
This radical was identical with the stable free radical, so called melanoidin radical, detected in the brown-coloured Maillard reaction mixture of sugars/amino acids (31) . In order to find unstable free radicals in the mutagen-generating model system, creatinine was omitted from the model system, and the mixture without creatinine was heated under the same conditions ( Figure 5 ). Characteristic multi-line ESR signals appeared after 5-min heating which disappeared during the subsequent 5-min heating and the stable broad signal appeared after heating for more than 20 min. It has been shown by Namiki and his coworkers (32, 33) that pyrazine cation radicals are generated in the Maillard reaction of sugars/amino acids in aqueous solutions at the higher pH values. The unstable free radical found in the present investigation ( Figure 6A ) was assigned as that of 1,4-di(carboxymethyl)pyrazine cation radical by comparison with that made by the computer-simulation ( Figure  6B ) based on the hyperfine splitting constants (hfsc) of two pyrazine nitrogens (0.81 mT), four equivalent pyrazine protons (0.30 mT) and four equivalent side chain protons (0.49 mT) described earlier (33) . The reasons for no appearance of the ESR signals due to the pyrazine cation radical in the mutagen generating system with creatinine may be reasonably explained by the condensation of the unstable pyrazine cation radical with creatinine for building up the imidazoquinoxaline-type heterocyclic amine mutagens.
When a mixture of glucose (0.2 M)/glycine (0.4 M) was heated in 100% water instead of diethylene glycol-water at 120°C for 2 h, no ESR signals due to the pyrazine cation radial were observed throughout the reaction (data not shown). This indicates that the high water content in the reaction of glucose/glycine prevented the generation of the radical or otherwise destroyed the radical. In concert with this observation, the heating of the mixture with creatinine (0.4 M) in 100% water generates much lower mutagenicity than the heating in diethylene glycol-water (21) . The formation of the pyrazine cation radical may be a key step in the mutagen formation because the high content of water in the reaction of Mn mixture effectively prevented both the radical and the mutagenicity. The effect of the antioxidants on the generation of the pyrazine cation radical was investigated by heating the mixture of glucose/glycine in diethylene glycol-water (Figure 7 ) in the presence of BHA, sesamol and EGCG (each 0.1 M). It was found that the intensities of the ESR signals due to the pyrazine cation radical were decreased in the presence of these antioxidants. These antioxidants may prevent the formation of the cation radical or destroy the cation radical. In contrast, generation of the melanoidin radical was not prevented by these antioxidants.
Electron spin resonance-spin trapping studies of the heated model systems ESR-spin trapping technique using DMPO and PBN was employed for the detection of unstable free radical species other than the pyrazine cation radical. When a solid mixture of glucose (1 mmol)/glycine (2 mmol)/creatinine (2 mmol) heated at 200°C for 3 min in an oven was added to a solution of DMPO, six-lines of ESR signals as doublets of a triplet with hfsc of 0^ =1.58 mT and o H =2.26 mT, which are characteristic to those of the spin adducts of DMPO with carbon-centred radical(s) (33) , appeared ( Figure 8A ). When the heated mixture was added to a solution of PBN, six-lines of ESR signals as doublets of a triplet with hfsc of a N = 1.57 mT and a H = 0.37 mT, characteristic to those of the spin adduct of PBN with carbon-centred radical(s) (34) , appeared ( Figure 8B) .
When a solution of glucose (0.2 M)/glycine (0.4 M)/creatinine (0.4 M) in diethylene glycol-water was heated at 120°C for 120 min and was added to a solution of DMPO or PBN, the six-line signals due to the spin adducts of carbon-centred radical(s) were observed at 5 min heating. In the mixture in which creatinine was omitted, the six-line signals of the spin adducts with DMPO ( Figure 9A ) and PBN ( Figure 9B ) appeared at 5 min heating and the signals gradually disappeared during the subsequent heating, and the melanoidin radical appeared after 30 min. In contrast, when the mixture without creatinine in 100% water was heated at 120°C for 120 min, no ESR signals of the spin adducts were observable throughout (data not shown). In this case again, the formation of the carboncentred radical(s) may participate in the mutagen formation because the high content of water in the reaction mixture effectively prevented the formation of both the carbon-centred radical(s) and the mutagenicity. 
Discussion
It was found in the present investigation that various phenolic antioxidants reduced the development of imidazoquinoxalinetype heterocyclic amine mutagens in the heated model system composed of glucose/glycine/creatinine and in the heated-anddried bonito meat. This observation was consistent with the earlier one by Weisburger and his co-workers (6) who showed that addition of chlorogenic acid or BHA to beef before frying reduced the mutagen development during the subsequent heating. The mutagen formation may be due to the unstable free radical Maillard intermediates of glucose/glycine, the pyrazine cation radical (23, 24, 32, 33) and certain carboncentred radical(s). Reduction of the pyrazine cation radical and the carbon-centred radical(s) by phenolic antioxidants resulted in the reduced production of the mutagens.
The present results may offer three important suggestions for the formation of the imidazoquinoxaline-type heterocyclic amines. One is the mechanistic consideration for the formation of these mutagens. In spite of the extensive works by Jagerstad and her co-workers (8) (9) (10) (11) (12) (13) demonstrating that the formation of imidazoquinoxaline-type heterocyclic amines is based on the Maillard reaction of glucose/glycine and creatin(in)e plays a key role, detailed mechanisms of the reaction have not yet been clarified. Most probable mechanism proposed by them is the condensation of a dihydropyrazine derivative, an aldehyde, both produced by the Maillard reaction of glucose/glycine, and creatinine. In contrast, free radical mechanisms for the mutagen formation including pyrazine cation radicals have been recently offered by Peason et al. (23) , but few lines of evidence for this hypothesis have appeared. The present investigation gave evidence for the participation of the unstable free radical Maillard intermediates, the pyrazine cation radical and certain carbon-centred radical(s), in the mutagen formation. Because various phenolic antioxidants prevented the mutagen formation, and they similarly prevented or destroyed the 2474 pyrazine cation radical and the carbon-centred radical(s) generated during the mutagen producing reaction, the radical species may be key intermediates for the mutagen formation. The structures of the carbon-centred radical(s) were unclear, and it is not known whether they were the secondary free radical species derived from the pyrazine cation radical or they independently originated in a quite different pathway from the Maillard reaction. Nevertheless, as well as the pyrazine cation radical, the carbon-centred radical(s) may play an important role in the mutagen formation. The present results gave another important suggestion for the effectiveness of the phenolic antioxidants in minimizing the development of the imidazoquinoxaline-type heterocyclic amines in cooking and processing of meat and fish. All the phenolic antioxidants examined here reduced the mutagen development in the heated model systems composed of glucose/ glycine/creatinine, and in the heated-and-dried bonito meat. Although relatively high concentrations of these antioxidants were required for the effective prevention of the mutagen formation in the model system, some may be practically useful for the prevention of the mutagen formation. Because a Japanese takes, on average, 1 g of smoked-and-dried bonito (Katsuobushi) corresponding to 2 ng of MelQx per day (26) , it is important to minimize the mutagen formation in the processing of bonito. In the present study, it was found that EGCG and green tea extract containing EGCG at the concentrations practically applicable effectively reduced the mutagen formation during the heating-and-drying of bonito meat.
The third importance of the present results may offer suggestions that prevention of the formation of the unstable free radical Maillard intermediates by other means can reduce the formation of the heterocyclic arnine mutagens in cooking and processing of meat and fish. So far, it has been demonstrated that the addition of an excessive amount of glucose (17) (18) (19) or indole derivatives (14) (15) (16) to beef or the model systems can reduce the mutagen formation probably due to the masking of the non-radical components, creatinine or aldehydes, respectively. Another studies showed that high water content reduces the mutagen formation (20, 21) . When raw bonito meat was heated at 100-110°C for 50 h under air, where 70% of weight was lost by removal of water, the number of His + revertant colonies7g bonito meat estimated on S. typhimurium TA98 with metabolic activation increased to 885. In contrast, the heating of bonito meat at the same temperature for the same period under steam gave only 8.7% loss of weight and the number of His + revertant colonies/g bonito of 83 (21) . The numbers of His + revertant colonies/ml of the mixture of glucose (0.2 M)/glycine (0.4 M)/creatinine (0.4 M) in diethylene glycol-water (8:2, v/v) and 100% water heated in closed vials at 120°C for 2 h were 10500 and 500, respectively (21) . These results clearly demonstrate that water prevents the formation of imidazoquinoxaline-type heterocyclic amines at the same heating temperature. However, the reason for the effectiveness of water was not known at that time. In the present study, it was found that a high amount of water in the model system composed of glucose/glycine prevented the formation of the pyrazine cation radical and the carbon-centred radical(s). Hence, water might be effective in prevention of the mutagen formation through the free radical mechanisms. Other factors that can prevent or destroy the unstable free radical Maillard intermediates may interfere the formation of the heterocyclic amine mutagens.
